with Lewis-acidic zirconium and hafnium(IV) phthalocyaninates (Pc) to give binuclear MPc-capped trispyridineoximates. The obtained hybrid complexes and their precursors were thoroughly characterized (among others, by single-crystal X-ray diffraction), and their redox properties were studied by cyclic and differential pulse voltammetry.
Introduction
Macrobicyclic cage complexes with an encapsulated metal ion (clathrochelates) 1 are a special case of coordination compounds with unusual physicochemical properties. 2 Owing to this, these cage complexes have found use as electrocatalysts for hydrogen evolution 1b,3 and as prospective materials for biomedical applications, 4 including topological drugs, 5 anti-fibrillogenic agents, 6 and selective cytotoxic compounds. 7 Paramagnetic cobalt (II) clathrochelates have also been recognized as single-molecule magnets (SMMs), 8 i.e. molecules able to retain their magnetization in the absence of an applied magnetic field, 9 and they are expected to revolutionize the field of high-density information storage or quantum computing. Among various building blocks for the design of SMMs, porphyrins and phthalocyanines (Pcs) have been widely used. 10 Therefore, hybrid molecular systems that combine a transition metal (pseudo)clathrochelate and a porphyrin or a phthalocyanine complex seem to be even more prospective candidates for manufacturing new types of SMMs.
In the present paper, we report a two-step approach to the first binuclear metallophthalocyaninato-capped metal(II) trispyridineoximates, representatives of a new type of hybrid polytopic and multicentered molecular system, and their antimony-capped precursors. As obtaining these complexes with a cobalt ion is still a real challenge, the proposed approach is tested here on iron and nickel(II) as the encapsulated ions. Such complexes were obtained by a transmetallation reaction (capping group exchange), which has been successfully used for the synthesis of various polyazomethine phthalocyaninato-and porphyrinoclathrochelates (Scheme 1).
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Results and discussion
While antimony-capped metal tris-pyridineoximates are rare, 12 tris-dioximates of iron(II) and cobalt(III) are easy to obtain 13 in moderate yields via template condensation with triethylantimony dibromide.
Here, antimony-capped iron and nickel(II) tris-pyridineoximates ([Fe(AcPyOx) 3 (Sb(C 2 H 5 ) 3 )](ClO 4 ) and [Ni(AcPyOx) 3 (Sb(C 2 H 5 ) 3 )](ClO 4 )) were prepared in high yields (85 and 90%, respectively) via the template self-assembly of a metal(II) salt, 2-acetypyridineoxime and triethylantimony(V) dibromide in an ethanol medium, with NaHCO 3 as a base (Scheme 2). We also attempted to use triethylamine as a base; however, isolation of the target products was more challenging.
The binuclear MPc-capped hybrid derivatives of the compounds ([Fe(AcPyOx) Fig. S3 , S4, S9 and S10) are thus dominated by paramagnetic effects: contact shifts that depend on the spin density distribution in a molecule and pseudocontact shifts that are associated with dipole-dipole electronnucleus interactions. As the paramagnetic shifts reach several hundred ppm, they mask the effect of the p-electron current. Like the earlier reported phenylboron-capped iron(II) trispyrazoloximates with a similar distribution of unpaired electrons, the trigonal-prismatic nickel(II) complexes are expected to have a very small pseudocontact contribution due to the orbitally non-degenerate ground state. Therefore, their NMR spectra are mainly determined by the contact shifts, so assignment of the signals in these spectra is nontrivial and was successfully completed only when assisted by DFT calculations of the complexes Additionally, the excellent agreement between the experimental paramagnetic shifts and the calculated contact shifts (Fig. 1 ) (Fig. 2) . The observed splitting of this B band (Fig. 3 and 4) were confirmed by single-crystal X-ray diffraction analysis, which also allowed the structure of one of their precursors, [Ni(AcPyOx) 3 (Sb(C 2 H 5 ) 3 )](ClO 4 ), to be elucidated (Fig. S18 , see the ESI †). In the hybrid complexes (Table 1) , the M II N 6 polyhedron adopts a geometry that is intermediate between a trigonal prism (TP, the distortion angle j = 01) and a trigonal antiprism (TAP, j = 601), and may be alternatively described as a truncated trigonal pyramid (for it has bases of a slightly different size due to the very different nature of the apical fragments). The central metal ion M II is located almost in the center of the MN 6 polyhedron (Fe-N 1.860(9)-1.978 (7) . It is much closer to TAP in the iron complexes than in their nickel analogues (Table 1) ; the corresponding distortion angle j varies from 45.3-46.41 to Table S8 ). These distortions are larger than in the previously reported zirconium/hafnium-capped iron(II) Pc-clathrochelates with two capping fragments (j B 301). displaced by approximately 1.1 Å from the plane of the four nitrogen atoms it is bound to in the phthalocyanine macrocycle, which itself has a dome-like geometry. Despite this, the main supramolecular motif adopted by these hybrid complexes is a 'base-to-base' dimer produced by stacking interactions between the phthalocyanine macrocycles. The shortest NÁ Á ÁN distance observed between the pyrrole moieties is close to 3.5 Å, as previously reported for zirconium/hafnium-capped iron(II) phthalocyaninatoclathrochelates with two capping fragments.
The electrochemical properties of the obtained complexes were studied by cyclic (CV) and differential pulse (DPV) voltammetry in a dichloromethane/TBAP system ( Fig. 5 and Fig. S18, ESI †) .
For all the MPc-capped tris-pyridineoximate complexes, two subsequent reduction waves are observed in the cathodic range (see the ESI, † Fig. S19 ). These processes are quasi-reversible, as follows from DE p being in the range of 60-90 mV and from the current ratio for the direct and reverse processes being close to 1. The first reduction waves show diffusional control, as the peak current depends linearly on the square root of the scan rate. The potentials of these reductions are the same for all four hybrid complexes and are characteristic of Pc-centered reductions. Note that the corresponding reduction waves were absent in the CVs of the antimony-capped precursors, which do not have a Pc fragment, thus confirming this assignment.
In the anodic range, several other waves of quasi-reversible diffusionally-controlled oxidation processes were detected. Although these waves significantly overlap, DPV allowed four and three oxidation peaks to be observed for the iron and nickel(II) complexes, respectively (Fig. 5) . While the very close redox potentials This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017 of these processes complicate the assignment of all of the peaks, the potentials of the first oxidation peaks are similar for the iron and nickel complexes and are characteristic of Pc-localized redox processes. process. As expected, the substitution of zirconium for hafnium does not result in any significant changes in the redox properties of the complexes. The irreversible waves, assigned to the destruction of the macrobicyclic moiety, are observed at potentials larger than À1.8 and 1.0 V (vs. Fc/Fc + ) in the cathodic and anodic regions, respectively. This is the case for all of the compounds, including the semiclathrochelate precursors.
Experimental section
Materials and physical measurements
The reagents used (FeCl 2 Á4H 2 O, Ni(ClO 4 ) 2 Á6H 2 O, NaClO 4 ÁH 2 O, NaHCO 3 , CaCO 3 , 2-acetylpyridine, sorbents and solvents) were obtained commercially (SAF). The zirconium and hafnium(IV) phthalocyaninates (Zr(Cl 2 )Pc and Hf(Cl 2 )Pc), 2-acetylpyridineoxime and triethylantimony(V) dibromide were prepared as described earlier.
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The analytical data for the C, H and N content were obtained with a Carlo Erba model 1106 microanalyzer; the data for the Sb content were obtained using the X-ray fluorescence method.
MALDI-TOF mass spectra were recorded in the positive and negative ranges with a MALDI-TOF-MS Bruker Autoflex II (Bruker Daltonics) mass spectrometer in reflecto-mol mode. Ionization was induced by a UV-laser with the wavelength of 337 nm. The samples were applied to a nickel plate, and 2,5-dihydroxybenzoic acid was used as the matrix. The accuracy of the measurements was 0.1%.
UV-vis spectra of all of the complexes in dichloromethane were recorded in the range of 250-800 nm with a Varian Cary 50 spectrophotometer. The individual Gaussian components of these spectra were calculated using the Fityk program. Cyclic voltammetry experiments were carried out in acetonitrile or dichloromethane solutions with 0.1 M TBAP as a supporting electrolyte using a Metrohm Autolab PGSTAT128N potentiostat with a conventional one-compartment three-electrode cell (5 mL of solution). The platinum disk electrode (MF-2013, BASi), which was used as a working electrode, was thoroughly polished with 0.05 mm alumina slurry, sonicated for two minutes in deionized water and rinsed before every measurement. A platinum wire counter electrode and standard Ag/AgCl/NaCl aq. reference electrode (RE-5B, BASi) were used. To account for drift of the reference electrode, ferrocene was added after the measurements as an internal standard, and all of the potentials are reported relative to the Fc/Fc + redox couple. The solutions were thoroughly deaerated by passing argon through them before the CV experiments and above them during the measurements. All quantum chemical calculations were performed using the ORCA program package v. 3.0.3. 17 The X-ray structures of the complexes were used as an initial approximation for geometry optimization, which was performed with the non-hybrid PBE functional 18 and the def2-TZVP basis set. 19 After the geometry optimization, the tensors of hyperfine interactions for hydrogen and carbon nuclei were calculated using the hybrid PBE0 functional 20 and the def2-TZVP basis set, with the primitives of a higher order of the exponent added for a better description of the electron density around the nuclei. The paramagnetic shifts for hydrogen and carbon nuclei were calculated using the following equation:
. 2-Acetylpyridineoxime (0.41 g, 3 mmol) and FeCl 2 Á4H 2 O (0.17 g, 0.85 mmol) were dissolved in methanol (5 mL) under argon, and a solution of (C 2 H 5 ) 3 SbBr 2 (0.46 g, 1.24 mmol) in methanol (1 mL) was added to the stirring reaction mixture. Then triethylamine (0.53 mL, 3.8 mmol) was added dropwise to this mixture, and it was stirred for 2 h at room temperature and precipitated with a NaClO 4 saturated aqueous solution (15 mL). The precipitate was filtered off, washed with water (20 mL, in two portions) and extracted with dichloromethane (15 mL). The dichloromethane extract was washed with water (100 mL, in two portions), dried with Na 2 SO 4 , filtered and evaporated to dryness. The solid residue was washed with diethyl ether (10 mL) and dried in vacuo. Yield: 0.51 g (85%). Found (%): C, 42.09; H, 4.63; Fe, 7.31; Sb, 15.80. Calc. for C 27 (19) , 399(4.0), 445(2.1), 467(1.9), 498(6.7), 551(11.5).
[Ni(AcPyOx) 3 (Sb(C 2 H 5 ) 3 )](ClO 4 ). 2-Acetylpyridineoxime (0.35 g, 2.6 mmol) was dissolved in ethanol (5 mL) under argon, and a solution of (C 2 H 5 ) 3 SbBr 2 (0.31 g, 0.84 mmol) in ethanol (1 mL) was added. Then NaHCO 3 (0.22 g, 2.6 mmol) and Ni(ClO 4 ) 2 Á6H 2 O (0.24 g, 0.65 mmol) were added to the stirring reaction mixture, which was then stirred for 4 h at room temperature and left overnight. The orange precipitate was filtered off, washed with diethyl ether (8 mL, in two portions) and extracted with dichloromethane (5 mL). The extract was filtered, evaporated to half ) with a Bruker Apex II DUO CCD diffractometer using Mo-Ka radiation (l = 0.71073 Å). The structures were solved by direct methods and refined using the full-matrix least-squares technique against F 2 in the anisotropic-isotropic approximation. Hydrogen atom positions were calculated, and they were refined in the isotropic approximation within the riding model. The unit cells of [Ni(AcPyOx) 3 (ZrPc)](ClO 4 ) and [Fe(AcPyOx) 3 (HfPc)](ClO 4 ) contain disordered solvent species, which were assumed to be dichloromethane and hexane, both used in the mixture for crystallization of these complexes; these species have been treated as a diffuse contribution to the overall scattering without specific atom positions by SQUEEZE/PLATON. 22 All the calculations were performed with the SHELXTL program package. 23 Details of data collection and refinement are given in Table S7 (see the ESI †).
Conclusions
We developed a two-step synthetic pathway for new hybrid Pc-capped metal complexes by transmetallation of antimonycapped iron and nickel(II) tris-pyridineoximates with Lewis-acidic zirconium and hafnium(IV) phthalocyaninates. They combine a transition metal clathrochelate and a phthalocyaninate complex, both of which are now used as 'building blocks' in single
